Smelting process is a practical method to treat incineration ash of solid wastes in terms of volume reduction and decomposition/immobilization of toxic materials. In this process, chlorine is a key element to determine the removal ratio of heavy metals such as zinc and lead. The present paper is aiming to give a general review of researches on the effect of chlorine on the vaporization behavior of zinc and lead in molten slag. First, the basic information such as solubility/activity of chlorine in the slag, vaporization mechanism and kinetics relating to chlorides during heat treatment of fly ash are summarized. Then, the vaporization behaviors of zinc, lead and their chlorides during heating are discussed together with important process factors such as atmosphere, temperature, chemical composition and slag matrix. Further, some information on the oxychlorides of Zn and Pb are introduced.
Introduction
In recent years, treatment and disposal of solid wastes is a significant issue faced by our society, and incineration has been applied for many years. 1) By-products generated by incineration include: flue gas released into the atmosphere; fly ash consisting of relatively fine particles carried out by the flue gas with condensed volatile compounds; bottom ash, which remains in the incinerators. Previous studies have shown that heavy metals and their compounds having higher saturated vapor pressures are most likely to be found in the fly ash and/or in the flue gas, whereas those having low vapor pressures tend to be retained in the bottom ash. [2] [3] [4] Accordingly, elements such as Hg and Cd are distributed in the flue gas, but Fe, Ca, Si and so on, which are hard to volatilize under usual incineration temperatures, tend to remain in the bottom ash. [5] [6] [7] The vapor pressures of Zn, Pb, and their compounds are roughly classified in the above two categories. Therefore, the distribution of compounds between fly ash and bottom ash is strongly dependent on the incineration conditions. 8) Similar tendency is also observed in the ashes and dusts generated by some other thermal processes such as iron and steel production. [9] [10] [11] "Heavy metals*", such as Zn and Pb, are common elements in fly ashes formed during the incineration of solid wastes. Because of their potential threat to human health, most of the fly ashes are classified as hazardous wastes and have to be stored in a safe yard after proper treatment.
However, the problems that occur can be further pointed out: increasing cost of the treatment and disposals; and uncertainly regarding knowledge on the long-term stability with respect to the leachability of heavy metals. 1, 13, 14) Stabilization methods for treatment of heavy metals have been devised that use chemical additives, which convert them into stable forms with abilities to resist leaching and liberation into the environment. However, such ways for immobilization do not usually match with material recycle circuits. A practical method for the treatment of fly ash could be a melting process. Its advantages are as follows: (1) Zn, Pb and other heavy metals could be separated from the residue by evaporation or distribution between slag and metal phases; (2) recovered heavy metals can be reutilized in metallurgical industries; and (3) the residue, sometimes called slag, can be made inert to the environment. In such high temperature processes, the presence of Zn and Pb may become serious barriers to their stable operation, because they are easily volatilized and then condense on the walls of furnaces and ducts at certain temperatures.
In order to effectively control the removal process of Zn and Pb from fly ash, a better understanding of their vaporization behaviors from molten materials, usually in chlorine-bearing slag, is urgently required. Although many factors, such as temperature, atmosphere, chemical composition of slag and existing states of metals in the slag, may influence the vaporization behaviors, their effect depends strongly on chlorine content/potential. 4, [15] [16] [17] [18] Hence, it is significantly important to examine the effect of chlorine on the vaporization behaviors of Zn and Pb in the molten slag.
Fundamental Data

Vapor Pressures of Some Pure Chlorides
The saturated vapor pressures of some chlorides typically contained in fly ashes of dusts/wastes are shown in Fig. 1 . 19, 20) The data for metallic Zn and Pb are also shown in this figure.
Vapor Pressure of Chlorides in Molten Slag/Salt
No data seems to be available on the vapor pressures of chlorides equilibrated with molten slag. However some researches have been carried out on the vapor pressures of chlorides over molten salt. [21] [22] [23] [24] [25] [26] [27] [28] [29] Smirnov et al. 25, 26) have measured the saturated vapor pressures of Na in Na-NaCl solution and K in K-KCl solution as functions of temperature and its concentrations by the method of compensation. The results show that the vapor pressure increases with increase in temperature and concentration of Na or K in the solution. Burylev and Kritskaya 21) measured the saturated vapor pressure over Mn-MnCl 2 melt system. The total pressure of the system is represented by Eq. (1):
Where, P t is the total pressure of this molten salt system; PЊ Mn , PЊ MnCl2 are the vapor pressure of pure Mn and MnCl 2 at the experimental temperature, respectively; a Mn , a MnCl2 are the activities of Mn and MnCl 2 in this system, respectively. Their result shows that the contribution of the Mn pressure to the total pressure is small and may be negligible, while the partial pressure of MnCl 2 is almost identical to that of pure MnCl 2 , at both 973 K (melting point of MnCl 2 ) and 1 517 K (melting point of M).
Schrier and Clark 29) have measured the total vapor pressures of twelve mixtures of KCl and MgCl 2 over the entire composition range. They revealed that there is a vapor phase interaction between the 2 components, and the resulting compound was KMgCl 3 .
Solubility and Activity of Zinc and Lead Oxides in
the Melts Some experimental measurements on the solubility and activity of PbO in melts have been carried out, such as PbO in CaO-SiO 2 -Al 2 O 3 -PbO from 1 583 to 1 703 K, 30) in PbO-ZnO-SiO 2 from 1 173 to 1 273 K, 31) and in PbO-MgO-SiO 2 from 1 173 to 1 273 K. 32) They suggested a similar tendency, the activity of PbO increased with an increasing X PbO /X SiO2 ratio in the melts system, and the addition of CaO or MgO to the melts increased the activity of PbO. It means in molten slag basicity is a governing factor about the solubility of PbO. Figure 2 shows the activity coefficients of PbO for the CaO-SiO 2 -Al 2 O 3 -PbO quaternary slag at 1 623 K calculated with the regular solution model by K. Matsuzaki and T. Ishikawa et al. 30) They also reported that the distribution ratio of lead in the slag was a function of oxygen potential. In the P O 2 range of 10 Ϫ10 to 10 Ϫ6 atm, lead was dissolved as divalent ion, but in the case of P O 2 lower than 10 Ϫ10 atm it was dissolved as monovalent ion.
Studies on the behaviors of ZnO in the melts, however, are limited, and some of that was done in the terms of its effect on the activity of PbO. 31, 33) Table 1 shows the activity of ZnO in PbO-ZnO-SiO 2 melts at 1 273 K by L. Toivonen and A. Taskinen. 31) They suggested that the activity coefficient of ZnO is constant in dilute solutions along the quasibinaries with X PbO /X SiO2 = constant. Moreover f ZnO is positive whereas f CaO and f MgO in lead silicate melts are negative. 30) ).
Solubility and Activity of Chlorine in the Molten Slag
Not much data are available on the thermodynamic properties of chlorine such as solubility and activity in the molten slag and salt. Miwa and Morita 34) and Hirosumi and Morita 35) have suggested the dissolution way of Cl 2 into the slag as follows:
...... (2) In order to represent the solubility of Cl 2 in the molten slag, they defined chloride capacity C Cl Ϫ as follows:
where K 1 is the equilibrium constant of Eq. (2), (mass%Cl Ϫ ) is the solubility of chloride ions in the molten slag, P O2 and P Cl2 are the vapor pressures of oxygen and chlorine equilibrated to the molten slag, respectively, a O 2Ϫ is the activity of the oxygen ion, and f Cl Ϫ is the activity coefficient of the chloride ion in the slag. Some experimental measurements about the chlorine concentration in different slag systems have been carried out. Based on their results, the chloride capacities in CaO-SiO 2 -Al 2 O 3 at 1 748 K, in Their experimental result showed that temperature and the basicity of slag are the main factors to determine the solubility of chlorine in the molten slag: C Cl Ϫ increases with increase in temperature and slag basicity.
Vaporization Mechanism and Kinetics of Heavy
Metals/Chlorides during Heat Treatment Many researches have been conducted on the vaporization mechanism and kinetics of heavy metals/chlorides at high temperatures. Several work, such as theoretical simulation, 2) examining the fate of trace elements during combustion, 3) and laboratory experimental practice, 17, 36, 37) have shown that the boiling points of metals and their compounds are of the great importance for their vaporization behaviors. Chill and Newland 36) have proposed a volatilization-condensation mechanism based on their observation. The heavy metals with boiling or sublimation temperature Ͻ1 823 K tend to be present on the surface of the fly ash particles. They have compared the volatility of oxides, chlorides, sulfides, and elements and have concluded that the primary factor that determines whether a metal is present in the core of the fly ash particles or on their surface is the boiling point, as postulated by Davison et al. 37) This explanation is in accordance with the classification of chemical elements in terms of their relative enrichment in fly ash, as proposed by Klein et al. 3) :
Class I Al, Ba, Ca, Co, Fe, K, Mg, Mn, Si and Ti: Elements having high boiling points that are not volatilized at the combustion temperature. They make up the matrix of fly ash and are only minimally deposited on the surface.
Class II As, Pb, Sb, Zn and Se: Elements that are volatilized during combustion have lesser chance of remaining in the bottom ash. As temperature of exhaust gas is decreased, their compounds condense on the surface of the fly ash particles.
Class III Hg, Cl, and Br: These elements remain in gas phase throughout the process. They undergo volatilization but not condensation. The experimental results on fate and partitioning of heavy metals during combustion, observed by some authors [38] [39] [40] reveal a similar tendency but does not completely follow the above classification: • Most of Cd condense on fly ash particulate (70 % of the total input), whereas 90 % of Hg remains in gaseous state throughout the process. • 60 % and 50 % of Pb and Zn, respectively, remain in the bottom ash, a significant fraction is vaporized and then condensed in the fly ash or dust (35 % and 45 % of Pb and Zn, respectively); • Cu, Cr, Co, and Ni, remain in the bottom ash (Ͼ 90 %). Based on the thermodynamic stability analysis of heavy metal oxides and chlorides, Fernandez et al. 2) reported that if free chlorine exists, then the formation,-vaporization, and condensation of chlorides will play an important role in the vaporization behaviors of heavy metals.
Previous studies on the volatilization kinetics of heavy metals, have shown that it is a complex function of time, temperature, metal species involved, and other process parameters. 17, [41] [42] [43] [44] The overall rate is usually controlled by heat and mass transfer rates combined with reaction kinetic consideration and thermodynamic properties. There is no definite conclusion to suggest a rate determining step, although it largely depends on the process conditions. However one thing is certain, the type of matrix is definitely important. In a porous mineral material, because of relatively larger surface area, the vaporization process tends to be controlled by mass transfer limitations. Donald and Pickles, 11) Abanades et al. 17) and Stucki and Jakob 45) have verified this by their experimental results. In the case of organic matrix, however, the situation is quite different. When the matrix burns, the particles shrink rapidly and the metallic compound is easily released in the gas stream. In this case, internal transfers do not seem to control the process. 17) 
Behaviors of Zn, Pb and Their Chlorides in High Temperature Process
The distribution ratios of Zn and Pb to the bottom/fly ashes are closely related to the forms of their vapors, therefore these are highly dependent on the combustion conditions. Further it can be pointed out the possibility that the combined forms are changed in the cooling stage of the combustion gas due to the reaction with other gas species or solid compounds. 43, 44) 
Vaporization Behaviors of Zn and Pb under High Temperature
Vaporization Rate
It is clear that vaporization of material proceeds when its vapor pressure is lower than the saturated value. Previous studies [41] [42] [43] [44] have reported that the volatilization process is a strong function of treatment duration. The rate of metal volatilization is relatively fast at the initial stage, then slows down, and eventually levels off at a later stage. Figures 6  and 7 show the experimental results of Jakob et al. 41) and Ho et al., 43) respectively. Both show similar trends. This has been explained mainly by the formation of less volatile metal compounds through high-temperature reactions at the later stage. 43, 44) 
Vapor Species
According to evaporation investigations on fly ashes, [15] [16] [17] 41, 42, 45, 46) Zn and Pb exist primarily as chlorides in vapor phase because of a higher saturated vapor pressure. However if chlorine potential is low in the system they will exist in the form of oxides or metals.
Maximum Degree of Vaporization
The maximum degree of vaporization of Zn and Pb is dependent on many factors, among which temperature, elements leading to more volatized compounds such as Cl and matrix are particularly significant. [15] [16] [17] [41] [42] [43] [44] [45] 48) It should be pointed out that the maximum degree of vaporization is mainly determined by two competing reactions, which occur simultaneously. One is the reaction with some elements, i.e., Cl, to form more volatilized compounds; the other is the interaction between heavy metals with matrix compounds (i.e., Fe 2 O 3 , SiO 2 , or Al 2 O 3 ), which result in more stable and non-volatile metallic species. Obviously, the former leads to a higher vaporization but the latter tends to make the heavy metals remained in the residue. The experimental result of Jakob et al. 41) showed that in the matrix: Al 2 O 3 -CaO-SiO 2 , Pb and Cd are vaporized as much as of 98-100%, but in the case of Zn under the same conditions only half of that was volatilized. The reason is the interactions between zinc compounds with matrix resulting in the formation of Zn 2 SiO 4 and ZnAl 2 O 4 . Eddings, 47) Stucki 45) and Lind 16) also reported the interactions between Zn or Pb with Al/Si-dominated compounds and the effect on their vaporization.
Factors Influencing the Vaporization Behaviors
Effect of Temperature
Temperature is undoubtedly an important factor in determining the volatility of metal species. 17, [40] [41] [42] 45, 49) A small change in temperature has an exponential influence on the saturated vapor pressures of most compounds. Abanades et al. 40) showed the stable compounds of Zn and Pb, in the temperature range of 300-2 000 K in the system listed in Table 2 , using the principle of minimizing the total Gibbs free energy of the system. The results are shown in Figs. 8 and 9, respectively, where, (g) is the gaseous state, (s) is the crystalline state and (c) is the condensed state (solid or liquid). As seen in Fig. 8 , Zn is alternatively found as its silicate Zn 2 SiO 4 (c) or aluminate ZnAl 2 O 4 (s) depending on the temperature. Zn and ZnO (g) are the dominant species above 1 500 K. ZnCl 2 (g) is partially formed from 600 to 1 500 K. Consequently, volatilization of Zn is partially expected during incineration and the existence of Al, Si, Cr, and Fe will prevent its volatilization due to the formation of more stable compounds. 17, 40, 41, 50) As seen in Fig. 9 , the gaseous chlorides are the major species for Pb between 700 and 1 500 K. At higher temperatures, PbO (g) is the dominant species. The chlorides of Pb are typically in the vapor phase when temperature is higher than about 700 K. When the temperature decreases, this calculation shows that Pb exists in the form of chlorides in the condensed phase. This confirms that Pb is easily volatilized and condensed at lower temperatures in form of chlorides.
Generally at higher temperature, the rate of vaporization and the final vaporized ratio increases. 17, 41, 42, 49) Evaporation experiment 41) of heavy metals from fly ash, conducted at different temperatures, clearly showed such a tendency. Figure 10 shows the time taken to achieve maximum amount of evaporation as a function of temperature, while the maximum evaporation amount of metals as a function of temperature is shown in Fig. 11 . The figures indicate that time decreased and the upper limit increased with increasing temperature. However, in some situations, the increased temperature had no effect on the rate of evaporation, but it seems to depend significantly on the mineral matrix. Abanades et al. 17) have carried out the vaporization experiment using sample wastes containing alumina and sepiolite © 2004 ISIJ 40) ). as matrices. With an alumina matrix, the rate and the final vaporized ratio of Cd, Pb, and Zn increased with an increase in temperature, while in the case of a sepiolite matrix, no significant effect of temperature was observed. A possible explanation could be that with alumina matrix, vaporization behavior is controlled by a chemical reaction that results in the formation of more volatile metal compounds; therefore, the higher the temperature, the higher the chemical reaction rate and then the higher evaporation rate. However, in case of sepiolite, it is controlled by diffusion rate in the solid phase, while higher temperatures do not significantly contribute to that effect.
Effect of Chemical Composition
Among the elements that influence the vaporization behaviors of Zn and Pb, Cl, is of the great importance. Other components such as alkali metals may also influence the rate and the final ratios of vaporization because they have a great affinity for chlorine. Alkali metals such as Na and K are also common constituents of fly ashes formed during thermal waste treatments. 51) In order to control the evaporation process of Zn and Pb, some researches have been carried out to estimate the effect of alkali metals. 4, 15, 42, 52) An theoretical equilibrium analysis was performed by Susan et al. 15) in a Municipal Solid Waste Incinerator (MSWI) situation. At fixed chlorine content (0.35 %, which is a typical content of chlorine for U.S. 15) ), Pb species is shown in Fig. 12 as a function of moisture concentration of waste at different Na content. It can be seen evaporated PbCl 2 decreases with increasing Na content, which is caused by a decrease in the activity coefficient of PbCl 2 in the molten salt due to the strong affinity between Na and Cl. Their result indicates that a decrease in Na content from 6 560 to 4 500 ppm would result in a significant increase in the Pb content present in the fly ash, from 36 to 60 % at average waste moisture content (25 %).
Effect of Moisture
Because of the large affinity of hydrogen for chlorine, the existence of moisture also affects the vaporization behaviors of heavy metals. It can be shown by the following reactions 15, 45, 46) : Moisture affects the volatilization processes of Zn and Pb by changing their states and therefore, affects the final ratio of volatilization. The moisture in waste leads to the formation of non-volatile oxides of Zn and Pb. Furthermore, it causes the interaction of metals oxides with mineral matrix, which will lead to the formation of stable compounds such as Zn 2 SiO 4 or ZnAl 2 O 4 . Consequently, existence of moisture limits the volatilization of heavy metals. The equilibrium analysis of heavy metal emissions from MSWI by Durlak et al. 15) indicated that at a temperature of 950ЊC, a decrease in the waste moisture content from 37 to 5 % resulted in an increase in the percentage of the Pb in the fly ash from 54 to 68 %.
However, the experimental result reported by Jakob et al. 42) indicated that the presence of H 2 O has no effect on the vaporization of Pb and Na present in synthetic fly ash, 67.5 %Al 2 O 3 -21.5 %PbO-11 %NaCl, in the atmosphere of Ar and Ar/2.5 % H 2 O at 840 and 920ЊC (see Fig. 13 ). It can either be explained by the fact that the reaction via gas phase (Eqs. (10a) and (10b)) is slow in comparison with the direct solid state reaction of NaCl with PbO (Eq. (11)), or by assuming that both reaction paths have the same ratedetermining step. They found that the reaction of Na 2 O with the alumina matrix led to the formation of compounds such as xNa 2 O · yAl 2 O 3 , which was detected by X-ray analysis. Abanades et al. 40) have evaluated the vapor species of Zn and Pb by using the simulation of MSWI process as a function of air excess ratio at 1 200 K (see Figs. 14 and 15) where, both reducing and oxidizing conditions were considered by varying the air excess ratio between 0 and 2. For Zn and Pb, the calculations predict the formation of volatile chlorides under oxidizing conditions. Under reducing atmosphere, these two metals exist mainly in their metallic form in gaseous state; this means that these metals can be released as gas under these conditions.
Trouve et al. 46) have reported a similar trend to the above-mentioned phenomena. However, in oxidizing conditions, solid ZnAl 2 O 4 is the dominant species, which will limit the release of Zn. Verhulst et al. 50) concluded that the existence of excess chlorine or certain reducing conditions was necessary to completely volatilize Zn, which is generally present in a stable oxide state in larger quantities. Jakob et al. 41) reported the results of an evaporation experiment of heavy metals in fly ash from MSWI under different atmospheres. Figure 16 shows the experimental result for the evaporation amount of the heavy metals estimated as a function of time in an Ar/H 2 atmosphere at 1 130ЊC. Compared with Fig. 6 , Pb shows similar behavior to that in air, but for Zn there is a large difference in the final volatilization ratio between the two atmospheres: in air, the maximum evaporation ratio is about 40 %, while it is 98 -99 % in Ar/H 2. This could be explained by the formation of stable compounds such as Zn 2 SiO 4 , or ZnAl 2 O 4 in air (oxidizing atmosphere).
Effect of Matrix
The formation of ferrites, silicates, or aluminates, such as ZnFe 2 O 4 , Zn 2 SiO 4 , or ZnAl 2 O 4 , respectively, suppresses the vaporization of heavy metals. This plays an important role in determining the evaporation ratio of heavy metals at elevated temperatures. Ma et al. 53) studied the corrosion of pure Fe by gaseous ZnCl 2 at high temperature, in a pure oxygen environment; the result revealed the presence of Zn in the corrosion product in the form of ZnFe 2 O 4 , which means that during this process gaseous Zn was solidified due to the formation of zinc ferrite. In the dust obtained from the steel industry, ZnFe 2 O 4 is found to be a common compound containing zinc. 54, 55) Abanades and Flamant 40) indicated that oxides of Zn, Co, and Cr will interact with Al 2 O 3 and SiO 2 at any Cl content, the major species are ZnAl 2 O 4 (s), C O 2 SiO 4 (s), and ZnCr 2 O 4 (s), which tend to be formed in oxygen atmosphere (shown as in Fig. 14) . Stucki and Jakob 11) suggested that rate of immobilization for Zn decreased in the order Al 2 O 3 Ͼ glass Ͼ SiO 2 ഠ "heattreated fly ash". While, Verhulst et al. 50) found that even though such matrices coexisted, it is possible to volatilize Zn completely with an excess of Cl or under highly reducing conditions. The experimental result of Jakob et al. 41) highlights this possibility: in air, the maximum amount of Zn (40 %) was vaporized (see Fig. 6 ) at 1 030ЊC, but in a mixture of Ar/H 2 , 98 -99 % of Zn was vaporized (see Fig.  16 ). Previous studies 44, 56, 57) have indicated that it is possible to react Pb with matrix slag and form stable compounds at 950°C, as described in Eqs. (12) and (13) . 
Condensation Behaviors of Zn and Pb
As the exhaust gas is cooled, the vapors condense both homogeneously to form new particles and heterogeneously on the surface of the entrained ash particles. 36, 43, 58) ISIJ International, Vol. 44 (2004) These two mechanisms occur simultaneously but at different rates depending on the process conditions. Heterogeneous condensation affects the particle size distribution of fly ash through the particle growth, while the number of particles remains unchanged by this process. Both condensation and reaction processes of metal species taking place on particles' surface result in an enrichment of metals in the fine particulate fractions. Homogeneous nucleation occurs if either there is not enough surface available or the super-saturation of the vapor is sufficiently high. 58) In this case, the condensed species homogeneously form particles Ͻ 1 mm in diameter. Size distribution of the species that condense heterogeneously depends on that of the entrained particles. Some heterogeneous condensation occurs on larger particles, which can be effectively captured by flue gas cleaning equipment. As a result, metal emissions increase as the ratio of homogeneous to heterogeneous condensation increases. 43, 58) Generally, chlorides are more volatile than the corresponding metal oxides or uncombined metals. Davison et al. 37) and Linak et al. 59) reported that Zn and Pb in urban aerosols have equivalent mass median diameters of the order of 1 mm or less, which is considerably less than those reported for common matrix elements such as Fe, Al, and Si. When compared with larger particles, sub-micron particles show a greater specific surface for heterogeneous condensation; hence, volatile metal species tend to enrich in the sub-micro particulate fraction. 60) Chill and Newland 36) and Wichmann et al. 60) indicated that metals with high boiling points could serve as the nucleation particles. Thus, Al, Si, and Mn form the core of the fly ash particles. Metals with a lower boiling point could volatilize in the combustion chamber and condense onto the fly ash particles. Therefore, Zn, Pb, and Cd can be expected to be the metals that deposit on the surface.
Emissions Behaviors of Zn and Pb
Regarding the emission of Zn and Pb from incineration and combustion systems, two principal classes of escape pathways can be identified. One is characterized by the vaporization of the metals at some point in the combustion system. The second is characterized by the entrainment of particles containing non-volatile metals. The volatility of a metal is the key characteristic that determines the dominant type of pathway. 58) Fine particles are currently the focus of several researches, since they cannot be effectively captured and are easily deposited in human bronchus. The previous studies 40, 58, 61) indicated that homogeneous condensation in incineration gases may explain the presence of the large number of very fine metal particulates (micron and sub-micron sizes) in the effluent gases produced by many incineration units. It has been suggested that the smallest ash particles are associated with the elements that undergo volatilization/condensation. 2) Chlorine content and temperature are the main factors that affect the emissions of Zn and Pb compounds because of their large effect on the vapor pressure. 58, 61, 62) Abbas and Godoy 62) observed that the mass fraction of sub-micron particles in the sewage sludge flame increased by 0.004 and 0.05, respectively, when Zn and Pb oxides and chlorides were added to the fuel. Some other factors such as the phys-ical and/or chemical form of metals and process operations can also affect the emissions. For example, gas flow rates affect the quantity and size distribution of the entrained material. 58) Generally, it was considered that metal distribution in the fine particles was primarily controlled by its vapor pressure and volatility, 43, 58, 61) but Abbas and Godoy 62) suggested that metal vaporization characteristics are inadequate to explain the entire range of the observed metal partitioning behaviors. They have hypothesized that metal particle formation occurs by both vaporization and explosive fragmentation, and, therefore, mineral/metal interaction becomes increasingly important. They have reported that Cd has a higher enrichment on sub micron particles than Pb, although the vapor pressure of PbCl 2 and CdCl 2 are similar. It was explained by the lesser affinity of CdCl 2 for the ash minerals.
Emissions Control of Zn and Pb
One of the potential approaches for controlling the heavy metal emissions is the suppression of metal volatilization during combustion. This can be accomplished through the modification of combustion operations and/or through the practice of waste-pretreatment by employing chemical additives. Some potential chemical additives, such as compounds of Ca, Mn, and Al, may react with toxic metals at high temperatures and produce slag. Use of these additives may reduce the amount of heavy metal volatilization, which, in turn, will reduce the formation of toxic metal particulates and the risk of dispersion of these materials into the environment. 63, 64) Chen et al. 63) have indicated that the control efficiency of four sorbents of Pb, Cd, Cr, and Cu under various feed waste compositions follows the sequence: CaCO 3 Ͼ H 2 O Ͼ Al 2 Si 2 O 5 (OH) 4 (kaolinite) Ͼ Al 2 O 3 . Another potential control technology is to use sorbents to capture metals through various mechanisms either during the incineration or immediately after the incineration. The fluidized bed process is suited for this purpose because it provides the best contact between the metallic substances and the sorbent particles. 16, 43, 48, 65, 66) Ho et al. 65) further indicated that the technology of metal capture by sorbents during fluidized bed incineration is promising and the capture efficiency could be as high as 95 %.
Effect of Chlorine on the Vaporization Behaviors of Zn and Pb
A large number of studies were carried out by executing equilibrium calculation or experimental research to assess the vaporization behaviors of heavy metals under high temperature. Majority of the studies dealt with the influence of the chlorine content in the system because not only the vapor species but the volatile rate, partitioning among different materials, and emission characteristics of heavy metals, all are expected to be strongly dependent on the amount of chlorine released from the combusted wastes.
Effect of Chlorine on the Physical/Chemical
Forms of Zn and Pb In an environment, metal chlorides are usually more stable than their oxides or sulfides because the chlorides have a lower Gibbs free energy of formation. 67) Figure 17 shows the standard Gibbs free energy (per mole O 2 or Cl 2 ) for formation of oxide and chloride of Zn/Pb as a function of temperature. Chlorides are more stable than oxides under the same partial pressure of chlorine and oxygen. By using thermodynamic data, Fernandez et al. 2) calculated the standard free energy (⌬GЊ) for the oxide-and chloride-forming reactions involving the metals, atmospheric oxygen and HCl, at the typical temperature ranges in the combustion chamber. The results for Zn and Pb are shown in Fig. 18 . They showed a tendency for the formation of chlorides rather than oxides at all of the temperature range of combustion. HCl was chosen to react with metals to form metallic chlorides, because it is a major source of Cl and its concentration is as high as 10 2 -10 3 mg/Nm 3 in municipal waste combustion gases. 2, 60) The chlorides of Zn and Pb have lower boiling and melting points, and also higher vapor pressures compared with their oxides, which result in their high volatilities during incineration. The vapor pressures of selected metal species over the temperature range of 250 to 2 500 K, and the boiling and melting points, along with their reduction reaction temperatures supplied by Abbas et al. 62) are shown in Fig. 19 and Table 3 , respectively.
Effect of Chlorine on the Vaporization Behaviors of Zn and Pb
Effect of Chlorine on the V
Vapor Species of Zn and Pb Wichmann et al. 60) discussed the vapor species of Zn and Pb at different chlorine atmospheres and temperatures. For Zn, gaseous ZnCl 2 is formed around 200ЊC and continues with rising temperature under a typical condition of MSWI. The formation of ZnCl 2 is strongly influenced by chlorine supply, which is a predominant compound of Zn when high amounts of chlorine are present. For Pb, PbCl 2 is the main volatile species between 300ЊC and 800ЊC with excess concentrations of oxygen and chlorine, while PbCl 4 is also formed between 200ЊC and 400ЊC. Above 800ЊC, gaseous PbO and PbCl (to a lesser extent) are stable. When temperature exceeds 1 000ЊC, gaseous elemental Pb also exists at low levels.
In a thermodynamic study conducted by Trouve et al., 46) the partitioning of Cu, Pb, and Zn was subjected to incineration conditions at temperatures of 850 and 1 100ЊC with automotive shredder residues (ASR) as fuel. Their calcula-tions revealed that in the presence of a sufficiently high concentration of chlorine, each of the metals reacts with chlorine as if they were alone in the system. At a default chlorine level, the formation of gaseous metal chlorides occurred in the order of decreasing affinities to chlorine: ZnCl 2 , PbCl, PbCl 2 , CuCl, and PbCl 4 .
Effect of Chlorine on the Partitioning of Zn and Pb
A review of previous studies 4, 18, 42, 48, 49, 52, 60, 62, 68) indicates that high chlorine content in incineration enhances the partitioning of heavy metals to the flue gas or fly ash and decreases the possibilities of their remaining in the bottom ash. Chiang and Wang 4, 18, 68) reported that an increase in the organic bound chlorine, such as PVC and C 2 Cl 4 in the waste led to higher heavy metal volatility including Pb, Zn, Cu, Cr, and Cd except for Hg. When an inorganic chloride such as NaCl was added, volatility of Pb increased significantly, while that of Zn only showed a slight increase. They suggested the effect of inorganic chlorides was less than or-ISIJ International, Vol. 44 (2004) ganic chlorides because of higher affinity between inorganic elements such as Na and K with chlorine. Wey and Hwang 48) have showed a similar tendency in the behaviors of heavy metals during waste incineration in a fluidized bed. Investigation on the evaporation of heavy metals from MSWI fly ash was carried out by Chan and Kirk. 52) They compared the evaporation rates of heavy metals and evaluated it by annealing experiments using both fly ashes in a pure Cl 2 -stream and fly ash plus CaCl 2 · 2H 2 O as an additional agent at temperatures of 1 173 to 1 273 K in air. The effect of the addition of Cl 2 was greater than that of CaCl 2 on the volatility of heavy metals. Another investigation studied the impact of SiO 2 , present in the system, on the formation of chlorides from metal oxides in the presence of CaCl 2 . The results revealed that because of the thermodynamically favored formation of CaSiO 3 , the ability of releasing the available chlorine from CaCl 2 increased and, hence, the amount of metal chlorides formed increased.
Jakob et al. 41, 42) 
Mechanism of the Influence of Chlorides on the Vaporization Behaviors of Zn and Pb
Chloride formation seems to be a major reason for the promotion of heavy metal evaporation when chlorine is available in the thermal system. However, Jakob et al. 42) put forward a different explanation. They conducted a detailed discussion on the following question: does the chlorine contained in the fly ash affect the heavy metal evaporation by converting non-volatile compounds into volatile chlorides, or does it prevent the transformation and incorporation of volatile compounds into matrix? In their study, three kinds of fly ash sample were prepared: SyF3, SyF4, and SyF5 (see Table 4 ). It should be noted that in SyF3, with the exception of 30 % of NaCl, the ratio of mole number of Pb to that of Cl is about 1 : 2. If the chlorine contained in the fly ash affect the heavy metal evaporation by converting non-volatile compounds into volatile chlorides, the following reaction would occur: Fig. 12 ). It means that not all of Pb and Na are evaporated as chlorides. Another experiment using model fly ash SyF4 showed that complete evaporation was not achieved especially for Zn and Cu. They suggested that an immobilization reaction transforms the chlorides into less volatile species by the following reactions:
In order to verify the proposed reactions, evaporation experiments with the sample SyF5 were performed in air and in Ar. The result showed that the evaporation of heavy metals such as Pb, Zn, and Cd was clearly enhanced by excluding oxygen. This means that the existence of oxygen influenced the overall reaction rate by shifting the equilibrium of the reactions (16a and b) to form non-volatile compounds. Comparing the experimental data of synthetic fly ashes SyF4 and SyF5, the maximum evaporation amount of heavy metal for SyF4 in air was significantly higher than that for SyF5, because the presence of chlorine in the form of NaCl prevented the reaction of volatile heavy metal chlorides with matrix component. Their explanation was that NaCl, by reacting with the alumina/silica matrix (Eq. (14)), enhances the local potential of chlorine and shifts the MCl 2 -MO equilibrium (Eq. (16)) toward the volatile chlorides.
Effect of Oxygen on the Volatilization of Metal Chlorides
As shown in Figs. 14 and 15 , oxygen potential gives a significant effect on the volatilization of heavy metal chlorides. In actual industry process related to Zn and Pb elements/compounds, oxygen-chlorine system is a common and basic system, for example, during the removal of Zn Table 4 . The fly ash sample condition (reported by Jakob et al. 42) ). and Pb from the dust or fly ash by chlorination (generally the mixture of air and chlorine gas was used), and also the recovery process of Zn and Pb from their ores. Therefore, the basic knowledge such as the activity, vapor pressure and interaction mechanism in an oxygen-chlorine system is important. Some researches have been carried out on the theoretical analysis 69) and experimental work. [70] [71] [72] 
Physical/Chemical Properties of the Melt System:
ZnCl 2 -ZnO, PbCl 2 -PbO The equilibrium phase diagram of a PbCl 2 -PbO system has been reported by Ruer, 73) as shown in Fig. 20 . It revealed the existence of lead oxychloride compounds in a solid state.
Sugawara et al. 70) and Hacetoglu and Flengas 69) studied the thermodynamic activity of PbO and PbCl 2 in a molten PbCl 2 -PbO system. The results are shown in Fig. 21 . These values are not completely identical, particularly in the case where PbO was higher than 30 mol%. However, they showed similar trends; a large negative deviation from Raoult's Law, suggesting a strong interaction between Cl Ϫ and O 2Ϫ in the melt. Based on the data available, they explained such trends on the basis of Eq. (18) 71, 72) measured the vapor pressure of ZnCl 2 and PbCl 2 in their molten system of oxides and chlorides, at high oxygen partial pressure by the transpiration method. For Pb, experiments were carried out at 923, 973, and 1 023 K under the atmospheres of Ar-O 2 and Ar-air gas mixtures. The results showed that with increasing the oxygen partial pressure, the vapor pressure of PbCl 2 decreased; however, the oxygen content in the PbCl 2 melt and the chlorine partial pressure of the system increased. It was also revealed that the oxychloride of Pb, PbOCl, was formed in the melt and the vapor phase. The reactions are shown as Eqs. (21) and (22), respectively. The activities of PbCl 2 and PbO in the PbCl 2 -PbO system were also calculated. They showed a large negative deviation from Raoult's Law, which suggest a strong interaction among the anions such as Cl Ϫ and O 2Ϫ in the melt.
............. (21) ........... (22) In case of Zn, experiments were carried out at 823 and 973 K in a Ar-O 2 gas mixture. The results showed that with increasing the oxygen partial pressure the vapor pressure of ZnCl 2 decreased; however, the oxygen content in ZnCl 2 melt and the chlorine partial pressure in the system increased. Also, zinc oxychloride, ZnOCl, was formed in melt and vapor phases. The reactions are shown as Eqs. (23) and (24) , respectively. The activities of ZnCl 2 in the ZnCl 2 -ZnOCl system were calculated, which also showed a large negative deviation from Raoult's Law.
.... (23) ...(24)
Future Studies
Recently, several laws such as the Law for Recycling of Specified Kinds of Home Appliances (1998) and the Law for Recycling of Automobiles (2002) have been enacted in Japan to promote recycle use of waste materials. It urgently required the development of an effective process to treat incineration residues of shredder dusts which contains plastics, glasses, metals and so forth. Further development is also necessary to improve the efficiencies in the processes of volume reduction and detoxification of fly ashes from waste incinerators. Smelting process gradually has been accepted as a practical method to treat fly ashes and dust containing heavy metals. However, fundamental data necessary for the process design and operation guide are not sufficient at present. Especially, basic knowledge on the behaviors of halogens, heavy metals and their interactions in molten slag/salt are limited seriously because of experimental difficulties. Therefore, establishment of the fundamental database about thermodynamic data such as the saturated vapor pressures of heavy metals and their partitions in slag/salt system is urgently required with a help of thermodynamic simulations.
